Thalidomide (TM) has been reported to have anti-cancer and antiinflammatory properties, and dexamethasone (DX) is known to reduce inflammation and inhibit production of inflammatory cytokines. Many studies have reported that combinatorial therapy with TM and DX is clinically used to treat multiple myeloma and lupus nephritis, but the mechanism responsible for its effects has not been elucidated. In this study, we determined that TM and DX co-treatment had an enhanced immunemodulatory effect on T cells through regulating the expression of co-stimulatory molecules. Splenic naive T cells from C57BL/6 mice were sort-purified and cultured for CD4 + T cell proliferation and regulatory T (Treg) cell conversion in the presence of TM and/or DX. Following incubation with the drugs, cells were collected and OX40, 4-1BB, and glucocorticoid-induced tumour necrosis factor receptor-related protein (GITR) expression was quantified by flow cytometry. TM (1 or 10 lM) decreased CD4 + T cell proliferation in a dose-dependent manner, whereas TM/DX (0Á1 or 1 nM) co-treatment further decreased proliferation. Treg cell populations were preserved following drug treatment. Furthermore, expression of co-stimulatory molecules decreased upon TM/DX co-treatment in effector T (Teff) cells and was preserved in Treg cells. Splenic CD4 + T cells isolated from TM-and DX-treated mice exhibited the same patterns of Teff and Treg cell populations as observed in vitro. Considering the selective effect of TM on different T cell subsets, we suggest that TM may play an immunomodulatory role and that TM/DX combinatorial treatment could further enhance these immunomodulatory effects by regulating GITR, OX40, and 4-1BB expression in CD4 + T cells.
Introduction
Shortly after its introduction in the 1950s, thalidomide (TM) was banned due to its tragic teratogenic effect; however, as recent studies revealed its anti-angiogenic and anti-inflammatory effects, TM has regained attention in the fields of cancer and autoimmune diseases.
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useful following transplantation, [3] [4] [5] [6] and not only suppresses, but modulates the immune response by regulating key immune-modulatory molecules, including nuclear factor-jB and pro-inflammatory cytokines such as tumour necrosis factor-a (TNF-a), interferon-c (IFN-c), interleukin (IL)-6, IL-10, IL-12, and cyclooxygenase 2. 2, [7] [8] [9] [10] [11] Our previous study further substantiated the immunomodulatory effects of TM, demonstrating that TM selectively suppresses effector T (Teff) cells among total CD4 + T cells. 2, 12 We also found that the immunomodulatory effect of TM was potentiated with glucocorticoid (GC)-combined treatment. 9 Therefore, this study introduced GC as a complementary agent, as it may play an important role in extending the function of TM.
Glucocorticoid reduces inflammation and inhibits inflammatory cytokine production, so it is used clinically to treat immunological diseases and to maintain post-transplantation homeostasis. [13] [14] [15] However, the side effects of GC, which include the impairment of many anabolic processes, limit its therapeutic use. Therefore, it is used either in small doses or with a complementary agent. The latter method has proved successful in the treatment of cancer, such as multiple myeloma, when GC is combined with TM. [16] [17] [18] TM and GC combinatorial treatment may also be a promising approach for post-transplant immunomodulation. Although the mechanisms responsible for the success of TM and GC combinatorial treatment remain unclear, based on our previous study, we assumed that TM affects the action mechanisms of GC, as the effect of TM on the lupus nephritis mouse model was synergistically potentiated with the addition of GC. 9 The action of GC is associated with the TNF and TNF receptor superfamily (TNFSF/TNFRSF). Therefore, analysis of the effect of TM and GC combinatorial treatment in relation to TNFRSF may lead to an understanding of their combinatorial activity.
Interactions of TNFSF and TNFRSF play critical roles in regulating both pro-inflammatory and anti-inflammatory responses in autoimmune diseases. 19, 20 Their interactions transmit co-stimulatory signals and regulate a broad range of immune activities by triggering, suppressing, or activating immune cell functions. 2, [21] [22] [23] In this study, we determined the effect of TM and dexamethasone (DX), a synthetic GC, combinatorial treatment on the proliferation of CD4 + T cells and the conversion of naive T (Tnaive) cells to CD4 + forkhead box P3 (FOXP3) + T cells. We also observed in vitro changes in the expression of TNFRSFs, primarily focusing on GC-induced TNFRrelated protein (GITR), OX40, and 4-1BB. 
Materials and methods

Mice and reagents
Tnaive cell isolation
Spleens taken from 8-week-old male C57BL/6 mice were homogenized through a 70-lm cell strainer (BD Biosciences) and incubated in red blood cell lysis buffer for 5 min. To isolate Tnaive cells, expressing CD4 + , CD44 lo , and CD62L
hi , from the splenocytes, cells were stained with APC-Cy7-conjugated anti-mouse CD4, FITCconjugated anti-mouse CD44, and PerCP-Cy5.5-conjugated anti-mouse CD62L antibodies, and sorted by fluorescence-activated cell sorting (FACS) Aria III Cell Sorter; BD Biosciences).
Cell culture
Approximately 1Á5 9 10 5 Tnaive cells were plated on 96-well plates containing TM, DX, or TM/DX and incubated for 72 hr under standard culture conditions (37°, 5% CO 2 ). To induce Teff cell proliferation, Tnaive cells were stimulated throughout the culture period with anti-mouse CD3 (5 lg/ml) and anti-mouse CD28 (2 lg/ml) antibodies, which were added to RPMI-1640 medium containing 10% fetal bovine serum, 100 U/ml penicillin and 100 lg/ ml streptomycin (Invitrogen), and 200 mM L-glutamine and 50 mM b-mercaptoethanol (Sigma-Aldrich). Before plating, Tnaive cells were stained with CFSE (Invitrogen) to determine proliferation levels according to the manufacturer's instructions.
In order to convert Tnaive cells to regulatory T (Treg) cells, Tnaive cells were cultured with anti-mouse CD3 (5 lg/ml), anti-mouse CD28 (2 lg/ml) antibodies, IL-2 (10 ng/ml), and transforming growth factor-b 1 (50 ng/ml) within the same complete RPMI medium as in Teff cell proliferation.
Suppression assay
The function of Treg cells converted from Tnaive cells was determined in the presence or absence of DX or TM/DX. Treg cells were isolated by trypsinization and analysed by FACS to quantify conversion yields. Cells were then transferred to new wells containing sort-purified Tnaive cells labelled with CFSE, and then incubated in media containing anti-mouse CD3 and anti-mouse CD28 under normal culture conditions for 72 hr. Treg and Tnaive cells were plated at Tnaive : Treg ratios of 1 : 1 (1 9 10 5 cells/well), a 2 : 1 (1 9 10 5 cells/well and 5 9 10 4 cells/well, respectively), and 4 : 1 (1 9 10 5 cells/well and 2Á5 9 10 4 cells/ well, respectively). Treg cell function was determined by measuring CFSE intensity, which indicated the division number during Teff cell proliferation.
Flow cytometry
Cultured or isolated T cells were incubated with the appropriately diluted antibodies for 40 min at 4°. To detect the changes in the expression of TNFRSF molecules, surface molecules were stained with PE-Cy7-conjugated anti-mouse OX40, APC-conjugated antimouse 4-1BB, and PerCP-Cy5.5-conjugated anti-mouse GITR, and the cells were fixed and permeabilized using the Fixation/Permeabilization kit (eBioscience) according to the manufacturer's instructions. The cells cultured for Treg cell conversion were then stained intracellularly with FITC-conjugated anti-mouse FOXP3.
In order to examine the effect of drug toxicity on the survival of Teff and Treg cells, different sets of T cell samples that were plated with either TM, DX, or TM/DX in appropriate media for both Teff cell proliferation and Treg cell conversion were stained using LIVE/DEAD TM Fixable near-IR Dead Cell Stain Kit (Invitrogen). To allow for clear detection of intracellular accumulations of cytokines in Teff cells, the cells were stimulated with leucocyte activation cocktail, with BD GolgiPlug TM (BD Biosciences). Dead cell staining and leucocyte activation were performed according to the manufacturer's instructions. The cells were then fixed and permeabilized, and intracellularly stained with PercP-Cy5.5-conjugated anti-mouse IL-2, APC-conjugated anti-mouse TNF-a, and PE-Cy7-conjugated anti-mouse IFN-c antibodies to determine the changes in Teff cells' ability to produce effector cytokines.
Flow cytometry was performed on an LSR II or FACS Verse flow cytometer (BD Biosciences). Data were analysed using FLOWJO v10.0.7 software (Tree Star, Inc., San Carlos, CA). Expression of FOXP3 on Treg cells and that of TNFSFs on differentiated CD4 + T cells were determined by relative median fluorescent intensity (MFI).
In vivo TM and DX treatment
To build upon our in vitro results, we examined changes in splenic T-lymphocyte subsets in normal C57BL/6 mice treated with TM and/or DX. The experimental groups received chow containing either TM, DX, or TM/DX for 1 week. The control mice received regular chow for the same time period. TM and DX were administered at 10 or 1Á5 mg/kg body weight per day, respectively, in all three groups. Doses were determined based on the results of our previous study.
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Statistical analysis
The significance of intergroup differences was determined using the Student's t-test or one-way analysis of variance. The analysis was conducted with SIGMA plot 2Á0, and P values < 0Á05 were considered statistically significant.
Results
Differentiation of CD4 + naive T cells
Treatment with TM (1 or 10 lM) suppressed Teff cell proliferation (not statistically significant), and TM/DX combinatorial treatments [TM (1 lM) and DX (0Á1 nM), TM (10 lM) and DX (0Á1 nM), TM (1 lM) and DX (1 nM), and TM (10 lM) and DX (1 nM)] further suppressed Teff cell proliferation in a dose-dependent manner ( Fig. 1 ). Although drug treatments were found to reduce the proliferation of Teff cells, the cells' ability to produce effector cytokines such as IFN-c, IL-2, and TNF-a was examined to reveal whether treatments compromised their functionality, as well. Secretion of IFN-c, IL-2, and TNF-a was also decreased upon drug treatments, although the change was less remarkable than that observed in the proliferation of Teff cells (see Supplementary material, Fig. S1 ).
The Treg cell population was slightly increased by TMalone treatments and significantly decreased by DX-alone treatments. Interestingly, the impaired Treg cell conversion rate induced by DX was significantly improved by TM/DX treatments, but only as much as that in the control group (Fig. 2a and 2b) . Because the function of Treg cells is dependent on their expression of FOXP3, 24 the quality of each Treg cell was evaluated by comparing the MFI of FOXP3. The FOXP3 expression of Treg cells was impaired by DX, but unchanged on TM/DX combinatorial treatments (Fig. 2c) . Both the conversion rate and the quality of Treg cells were preserved in TM/DX combinatorial treatments.
Since Teff cell proliferation was reduced whereas Treg cell conversion was unaffected, it was critical to further evaluate the effect of drug toxicity on the survival of T cells. Results demonstrated that all T cells plated with each treatment showed no toxicity regardless of the degree of proliferation or conversion (see Supplementary material, Fig. S2) .
Furthermore, the suppressive function of Treg cells on Teff cells was slightly impaired by TM or DX treatment; however, this effect was significantly restored after TM/ DX combinatorial treatment (Fig. 3) .
Expression of OX40, 4-1BB, and GITR
During Teff cell proliferation, DX treatments (0Á1 nM and 1 nM) reduced surface expression of OX40 and 4-1BB in a dose-dependent manner, and TM/DX combinatorial treatments [TM (1 lM) and DX (0Á1 nM), TM (10 lM) and DX (0Á1 nM), TM (1 lM) and DX (1 nM), and TM (10 lM) and DX (1 nM)] further significantly decreased OX40 and 4-1BB expression in a dose-dependent manner. Neither DXonly treatment (0Á1 nM and 1 nM) nor TM/DX combinatorial treatment (10 lM and 1 nM, respectively) significantly influenced the GITR expression on Teff cells (Fig. 4) .
In converted CD4
+ FOXP3 + T cells, TM/DX combinatorial treatments down-regulated OX40, 4-1BB, and GITR expression only slightly compared with the control groups, and overall, the changes were not significant and remained relatively constant (Fig. 5) .
T cell subset changes in vivo
The body weight of the mice in the TM group increased by more than 12% compared with the DX and TM/DX groups, and the body weight of mice in all test groups increased compared with the controls (Fig. 6a , P < 0Á01). T lymphocytes were isolated and stained with anti-CD4 and anti-CD44 antibodies to label Teff cells or with anti-CD4 and anti-FOXP3 antibodies to label Treg cells. TM/ DX treatment down-regulated the population of Teff cells (CD4 + CD44 hi T cells), whereas TM-only treatment had no effect (Fig. 6b and 6d) . To determine how the drug treatments influenced solely CD4 + CD44 hi T cells, which represent memory characterized cells, the population of CD4 + CD44 lo T cells was also analysed (see Supplementary material, Fig. S3) . Figure S3a, The results shown are representative plots selected from five independent experiments (% of non-treated controls, n = 5). *P < 0Á05, **P < 0Á01, and ***P < 0Á001, compared with untreated controls; (Fig. 6c  and 6d ). 
Discussion
Following its withdrawal from the market as a sedative, TM has been found to be an effective anti-inflammatory drug for patients with leprosy and many other autoimmune diseases, such as multiple myeloma, systemic lupus erythematosus and rheumatoid arthritis. 1, 2, 9, 11, 25 In our previous study, we demonstrated the immune-modulatory role of TM, but isolated use of TM was not sufficiently potent to effectively suppress the proliferation of T cells. 2 Based on the encouraging results obtained with TM plus prednisolone treatment in a lupus nephritis mouse model, 9 we hypothesized that TM and GC combinatorial treatment may generate enhanced effects on regulating each T cell subset. We chose DX as a GC, and the dose of 0Á1 and 1 nM was based on previous studies. 26, 27 We previously reported that isolated TM treatment could alter CD4 + T cell subset populations by downregulating Teff cells while preserving Treg cells. 2 In the current study, this result was reproduced in TM-only treated groups, but it was further enhanced in TM/DX combinatorial groups, both in vitro and in vivo. As seen in the in vitro data, Teff cell proliferation following 1 and 10 lM TM treatment showed only subtle decreases, but following TM/DX combinatorial treatment, Teff cell proliferation was significantly inhibited. The inhibitory effect of TM/DX combinatorial treatment on Teff cell subsets increased in a dose-dependent manner (Fig. 1) . Meanwhile, Treg cell conversion rates in the TM/DX combinatorial treatment groups were similar to those in the control and the TM-only groups (Fig. 2a and 2b) . When compared with the control group, MFI of FOXP3 expression on Treg cells did not show any significant changes by TM/DX (Fig. 2c) , indicating that the quality of each Treg cell was also preserved. Our in vivo data showed similar results of reduced Teff cell proliferation. In our experimental setting, it was not clear whether the Treg cell population observed in vivo were the pre-existing Treg cells or the Treg cells converted due to drug treatment, were viewed as Teff cells by FACS analysis using relative MFI (% of non-treated controls, n = 5). *P < 0Á05, **P < 0Á01, and ***P < 0Á001 compared with untreated controls; # P < 0Á05 compared with 0Á1 nM DX treatment; and † P < 0Á05 and † † P < 0Á01 compared with 1 nM DX treatment.
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Upon analysis of the suppression assay data, we found that the suppressive function of Treg cells was impaired by DX treatments, but when coupled with TM treatments, the suppressive function of Treg cells was restored. As seen in Fig. 3 , at a Teff : Treg ratio of 4 : 1, with TM/ DX combinatorial treatment (1 lM and 0Á1 nM, respectively), the suppressive function of Treg cells recovered nearly to the level of the control groups. This finding may indicate that both the function and population of Treg cells was preserved by the TM/DX combinatorial treatments.
Teff cells are key participants in executing immune functions; however, their pathogen clearance and antitumour abilities can cause tissue damage and elicit unwanted self-reactivity. 28 Treg cells actively suppress this activation of immune responses mediated by Teff cells, 29 thereby making it vital for any immune-modulatory drug to influence each T cell subset independently from each other. Many immunosuppressant drugs, such as calcineurin inhibitors, reduce T cell populations regardless of their subsets, 30, 31 but the TM/DX combinatorial treatment showed clear modulating effects and can be potentially used as a viable immunomodulatory therapy.
The TNF receptors are primarily involved in apoptosis and inflammation, and interactions of TNFRSF and TNFSF deliver co-stimulatory signals to regulate the function of many immune cells. 19, 20 In our previous study, we suggest that the selected co-stimulatory molecules, OX40, 4-1BB, and GITR, may be involved in the TM-induced regulation of proliferation and conversion of Treg cells from Tnaive cells. 12 It has already been proposed by several studies that TM increases the therapeutic efficacy for treatment of multiple myeloma and lupus nephritis when combined with GCs; [16] [17] [18] 27 so, we hypothesized that DX may enhance the action of TM toward the co-stimulatory molecules. Indeed, in this study, we demonstrated that co-stimulatory molecule expression changed upon treatment with TM and/or DX. + T cells not only to promote their division and survival but to augment Teff cell expansion. 32, 33 While Teff cell populations are increased by OX40 and OX40L ligation, the differentiation and activity of Treg cells are suppressed. Therefore, the interactions of OX40 and OX40L play a critical role in the development of autoimmune and inflammatory diseases. 21, 23, 32, 34, 35 Our in vitro data demonstrated that OX40 expression on Teff cells decreased in TM/DX combinatorial groups in a dose-dependent manner (Fig. 4a) , whereas expression on Treg cells did not (Fig. 5a ). In the high-dose TM/DX (10 lM and 1 nM, respectively) group, OX40 expression on Teff cells decreased to approximately 60% of the control, indicating that the Teff cell-expanding function of OX40 was diminished upon TM/DX combinatorial treatment. Even under high-dose conditions, however, OX40 expression on Treg cells only decreased to approximately 90% of the control, which may indicate that TM/DX combinatorial treatment has no significant effect on Treg cell activity. These results also correspond with the data represented in Figs. 1 and 2 ; the Teff cell population decreased whereas the Treg cell population was preserved, Figure 6 . In vivo testing of the effect of thalidomide (TM), dexamethasone (DX), or TM/DX combinatorial treatment in C57BL/6 mice. Mice were provided with chow containing TM (10 mg/kg), DX (1Á5 mg/kg), or TM and DX (10 and 1Á5 mg/kg, respectively) daily for 7 days. (a) Body weight. Animals in the TM group were heavier than those in the DX or TM/DX combinatorial treatment group (CO), and even higher than those in the untreated control group (CTL) (n = 6, P < 0Á01). and the TM/DX combinatorial treatment influenced each T cell subset differently. Similar to OX40, one of the primary functions of 4-1BB (CD137, TNFRSF9) is to activate Teff cells to proliferate. Its function on Treg cells, however, is opposite to that of OX40 in that 4-1BB up-regulates Treg cell differentiation and activity. [36] [37] [38] Our results demonstrated that expression of 4-1BB decreased as the drug dose increased. Whereas each TMonly group (1 and 10 lM) exhibited minimal down-regulation of 4-1BB, the group treated with the highest dosages of TM and DX (10 lM and 1 nM, respectively) exhibited significantly greater decreases of up to 30% compared with the control group (Fig. 4b) . This finding indicates that the TM/DX combinatorial treatment is more effective in inhibiting 4-1BB's function of Teff cell expansion and activation compared with the control and TM-or DX-only isolated treatments. However, 4-1BB expression on Treg cells did not change significantly (Fig. 5b) . Considering that Treg cell differentiation is controlled by 4-1BB and 4-1BB ligand (CD137L) interaction, the relatively preserved level of 4-1BB on Treg cells may reflect little change in the Treg cell population. These results also support our data described in Figs. 1  and 2 , that TM/DX combinatorial treatment affected each T cell subset differently.
As with OX40 and 4-1BB, interactions of GITR (CD357, TNFRSF19) with its binding partner, GITR ligand (GITRL), induced Teff cell proliferation and rendered Teff cells less susceptible to Treg cells. Interestingly, GITR/GITRL ligation not only activates Teff cells but inhibits the suppressive activity of Treg cells, while still promoting Treg cell proliferation. 22, [39] [40] [41] [42] [43] The effects of GITR on T cells remains controversial, but it is clear that GITR plays an important role in modulating immune responses.
There was no significant change in GITR expression on Teff cells in all groups compared with the control, except in the TM/DX combinatorial treatment groups (Fig. 4c) . GITR expression decreased to approximately 80% of the control in the TM/DX group (10 lM and 1 nM, respectively), indicating that a reduction in GITR molecules may result in reduced Teff cell proliferation. Similar to OX40 and 4-1BB, GITR expression in Treg cells did not significantly change, which indicates that the Treg cell population is preserved (Fig. 5c) .
Taken together, our results indicate that changes in surface expression of OX40, 4-1BB, and GITR lead to a decrease in Teff cells and preservation of the Treg cell population. Though the outcomes after TM-or DX-only treatments are somewhat different for each molecule, it is notable that all of the selected members of TNFRSF demonstrate the same influence on the Teff and Treg cell populations upon TM/DX combinatorial treatment.
We hope to address the limitations of this study in future experiments by co-culturing T cells with other lymphocytes, such as dendritic cells, to fully understand the ligation levels of co-stimulatory molecules. In vivo experiments with transplant or autoimmune disease animal models may also be required to strengthen our findings.
In conclusion, the immunomodulatory characteristics of TM are further enhanced by DX, and the TM/DX combinatorial treatment influences Teff and Treg cell populations differently, suppressing the Teff cells while preserving the Treg cells. This enhanced effect may be related to the expression of co-stimulatory molecules altered by TM and DX. TM/DX combinatorial treatment as an immunomodulatory therapy may possess a promising capacity to maintain post-transplant homeostasis and a tolerogenic state for autoimmune diseases. Further study will be needed to determine the underlying molecular links between the TM-and DX-enhanced effects in T cells.
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